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dieva).Blue light induced quenching in a Synechocystis sp. PCC 6803 strain lacking both photosystems is
only related to allophycocyanin ﬂuorescence. A ﬁvefold decrease in the ﬂuorescence level in two
bands near 660 and 680 nm is attributed to different allophycocyanin forms in the phycobilisome
core. Some low-heat sensitive component inactivated at 53 C is involved in the quenching process.
Enormous allophycocyanin ﬂuorescence in the absence of the photosystems reveals a dark stage in
this quenching. Thus, we present evidence that light activation of the carotenoid-binding protein
and formation of a quenching center within the phycobilisome core in vivo are discrete events in
a multistep process.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction being the only photosensory protein known to date which has aCyanobacteria, like higher plants, can make use of non-photo-
chemical ﬂuorescence quenching (NPQ) as a component of their
photoacclimation strategy, but an entirely different photoprotec-
tion mechanism is involved in this process. Illumination of cyano-
bacterium Synechocystis sp. PCC 6803 cells (hereafter called
Synechocystis) with blue-green light (450–550 nm) leads to
quenching of phycobilisomes (PBS) and chlorophyll (Chl) ﬂuores-
cence at 660–680 nm slowly reversible in dark or low light condi-
tions [1,2]. An action spectrum of this quenching indicates that it is
sensitized by a carotenoid molecule [2]. The complete similarity of
the action spectrum of blue-green light induced ﬂuorescence
quenching with the absorption spectrum of 30-hydroxyechinenone
in the orange carotenoid-binding protein (OCP) [3], indicates that
the water-soluble extramembrane OCP is responsible for triggering
the ﬂuorescence quenching [4]. The OCP is of particular interest,chemical Societies. Published by E
chlorophyll; Lcm, phycobili-
ical ﬂuorescence quenching;
osystem I(II); PBS, phycobili-
PC-B
inbi.ras.ru (M.G. Rakhimber-carotenoid acting as a chromophore. The main facts concerning
OCP-triggered quenching of PBS ﬂuorescence are summarized in
several reviews [5–8]. The mechanism of OCP-induced quenching
is yet unclear. The effect of blue light induced NPQ was observed
neither in Synechocystis mutant cells lacking PBS or OCP [4], nor
in other OCP deﬁcient cyanobacteria [9]. Lack of the linker poly-
peptide ApcE, responsible for correct assembly of the allophycocy-
anin (APC) core [10], also results in the absence of blue light
induced quenching. Direct evidence is available that the OCP-med-
iated quenching actually diverts excess energy from both reaction
centers, thus protecting the photosynthetic apparatus of cyanobac-
teria from photodestruction [11].
The nature of the quencher is a discussion point. It is suggested
that the OCP is not only a photosensor, but also an effecter [12] that
contacts with the PBS core via electrostatic and hydrophobic inter-
actions [13]. These interactions could cause an alteration of the PBS
core structure, leading to the quenching state; another possibility is
that the carotenoid is brought closer to the APC trimer, which
enables energy transfer from the phycobilin chromophore to the
carotenoid. Blue light induces a shift in OCP’s absorption properties,
causing a reversible transformation of the protein from the orange
to the red form with a lower carotenoid S1 state, which could
quench PBS ﬂuorescence [14]. The exact site of quenching within
the APC core chromophores is yet undetermined. Blue light inducedlsevier B.V. All rights reserved.
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to APC and to phycobilisome terminal emitters Lcm and APC-B (TE),
respectively [15,10]. Moreover, TE and the antenna Chls of PSII are
in dynamic energy equilibrium and show similar bands at 680–
683 nm in the emission spectrum, whichmakes it difﬁcult to deter-
mine ﬂuorescence of which pigment is quenched in the ﬁrst place
under blue-green illumination of cyanobacterial cells.
Investigation of OCP’s functioning is challenging, because, as far
as we know, there have been no successful attempts at achieving
blue light induced NPQ in vitro using components involved in this
process (APC, OCP, etc.). We have chosen to research the simplest
in vivo OCP-PBS system – a Synechocystis mutant deﬁcient in both
photosystems (a PSI/PSII-less strain), which has only the light har-
vesting complex – PBS – and posses a fully functional carotenoid-
triggered NPQ.A B2. Materials and methods
2.1. Strains and culture conditions
The wild type of Synechocystis sp. PCC 6803 and the PSI/PSII-less
mutant (DpsaAB/DpsbDIC/DpsbDII) [16] were grown at 30 C in li-
quid BG-11 medium [17]. The wild-type cells were cultivated for
3 days under continuouswhite ﬂuorescent light at 40 lmol photons
m2 s1. Themutant strain was cultivated for 5 days at 5 lmol pho-
tons m–2 s–1 with addition of 10 mM glucose, 25 lg ml1 spectino-
mycin, 20 lg ml1 erythromycin, and 20 lg ml1 chloramphenicol.
2.2. Spectra and pigment analysis
Absorption spectra of cell suspension were recorded at room
temperature using a Cary-Bio 300 spectrophotometer (Varian). A
previously described procedure [11] of heat-bleaching of phyco-
biliproteins in Synechocystis at 64 C was applied for APC content
estimation in order to equalize samples by APC contents. Chl a con-
centration was determined from 80% acetone extracts. Fluores-
cence emission spectra of cyanobacterial cells were recorded
with a Shimadzu RF-5301PC instrument upon PBS-absorbed
580 nm excitation. Dichloroﬂuorescein diacetate was added to
the cell suspensions as internal standard for 77 K ﬂuorescence
measurements [11].
2.3. Pulse amplitude modulated (PAM) kinetics
Light-induced ﬂuorescence changes in Synechocystis cells were
monitored with a PAM-101 ﬂuorometer (Walz). The PSI/PSII-less
mutant cells had approximately the same APC content as wild-type
samples, which contained about 0.2 lg ml1 Chl. Cell suspensions
were excited with modulated 650 nm red light, and ﬂuorescence
was measured at wavelengths above 700 nm. To induce NPQ, cells
were illuminated with blue-green actinic light provided by halogen
illuminator equipped with glass band-pass ﬁlter emitting
1000 lE m2 s1 at 500 nm [11] or by a high power HPL-503 LED-
lamp emitting 14 000 lE m2 s1 at 503 nm. The latter was cus-
tom-built by Walz to achieve stronger actinic light to be absorbed
by the carotenoid-binding OCP sensor. Fluorescence transients in-
duced by brief (1 s long) irradiation with this lamp were recorded
in 3 ms/point resolution using an HPL-C control unit (Walz).Fig. 1. Comparison of absorption spectra (A) and 77 K ﬂuorescence emission
spectra (B) of wild-type (grey line) and PSI/PSII-less (black line) Synechocystis
strains. The spectra were measured in samples equalized by APC contents. The
optical density at 750 nm is zeroed.3. Results and discussion
3.1. Spectral properties of the PSI/PSII- less strain
The PSI/PSII-less strain of Synechocystis cells contain only traces
of Chl – about 2% of the wild type, – but have almost regularamounts of PBSs – not less than 70% of the wild type – in the cell
suspensions with optical density equalized at 750 nm. The absorp-
tion spectrum shows a 620 nm phycocyanin (PC) band and a
653 nm APC band as a shoulder (Fig. 1A). The PSI/PSII-less strain’s
ﬂuorescence spectrum at 77 K is very similar to the PBS spectrum
in vitro [18]. The mutant cells have a strong PBS component emit-
ting at around 683 nm, with an additional band at 660 nm and two
minor bands at 750 and 770 nm (Fig. 1B). In the absence of the PSII
and PSI core complexes, minor amounts of Chl associated with pro-
teins are present in thylakoid membranes of Synechocystis [19].
These Chl-proteins may be small Cab-like proteins found in the
PSI/PSII-less mutant of Synechocystis [20]. According to the 77 K
ﬂuorescence emission spectrum, these Chls do not relate to PSI
or PSII complexes. Fluorescence intensity of the double mutant is
extremely low under 440 nm excitation; only a 670 nm shoulder
is detected at 77 K, indicating presence of some Chls; the 683 nm
TE peak dominates the spectrum even under Chl excitation (data
not shown). Fig. 1 compares mutant cells’ spectra with those of
wild-type cells with equal phycobilin content. Whereas the
absorption spectra are very similar in the phycobilin range, the
PSI/PSII-less cells emit much more than wild-type cells. Absence
of the photosystems eliminates energy transfer pathways, which
results in an increase of the quantum yield of PBS ﬂuorescence
and, thus, in greater quantum efﬁciency of PBS core chromophores’
ﬂuorescence quenching. This especially concerns the 683 nm TE
ﬂuorescence band.
3.2. Brief heat treatment drastically affects ﬂuorescence quenching
The process of carotenoid-induced NPQ has been earlier de-
scribed in the wild type and in Synechocystis strains lacking one
of photosystems [2,10,11]. Blue-light induced ﬂuorescence
quenching in the PSI/PSII-less mutant is very signiﬁcant in compar-
ison with earlier records and reaches up to 85% of the initial level
(Fig. 2A). Remarkably, cells of the PSI/PSII-less mutant loose the
capability of ﬂuorescence quenching after being treated by heat
at 53 C for ﬁve minutes, though such heating causes no visible
changes in the PBS ﬂuorescence emission spectra (Fig. 2B). Brief
heating of the double mutant cells at 53 C does not destroy the
absorption and ﬂuorescence spectra of PBS, but leads to complete
loss of quenching. Invariable shape of room-temperature (Fig. 2)
and of low-temperature (not shown) ﬂuorescence spectra of the
double mutant cells before and after heat treatment suggests that
such heating affects formation of an active conformation of a
quencher. As opposed to glutaraldehyde action [15], under heat
treatment ﬂuorescence remains high and unquenched upon
A B
Fig. 2. Room temperature ﬂuorescence emission spectra of PSI/PSII-less Synecho-
cystis cells (A) measured before (solid line) and after (dotted line) blue-light
illumination, and corresponding spectra of cells after 5 min heat-treatment at 53 C
(B).
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formed before, during, or after blue-light illumination. It means
that heating may destroy the OCP–APC interaction point because
of some conformational rearrangements of the OCP. The theory
about the different functions of OCP’s terminal regions [21] allows
us to further suggest that heating to 53 C damages the OCP C-ter-
minal region, responsible for its interaction with the PBS core, but
does not necessarily affect its N-terminal part, responsible for
interaction with a ﬂuorescence recovery protein (FRP) and for
OCP’s detachment from the PBS core.
3.3. APC forms in ﬂuorescence quenching
Fig. 3 shows NPQ spectra of the double mutant calculated as a
difference between spectra in unquenched and in quenched states.
Regardless of temperature during spectra measurements, the blue-
green light treatment was always carried out at 20 C. The NPQ
spectrum measured at room temperature shows a pronounced
peak at 660 nm and a shoulder at about 680 nm; the quenching ex-Fig. 3. Comparison of spectra of ﬂuorescence quenching in PSI/PSII-less Synecho-
cystis cells normalized at the maxima at 288 K (solid line) and at 77 K (dotted line);
in the low panel: a second derivative of the 288 K spectrum. The spectra were
obtained by subtracting the unquenched state spectra from the quenched state
spectra.tent at 680 nm is about 85%. The second derivative of room-tem-
perature NPQ spectra is characterized by two pronounced peaks
at 660 and 680 nm (Fig. 3, low panel) that may be ascribed to
changes in ﬂuorescence of APC and of TE. The 77 K NPQ spectrum
shows the main peak at 683 nm and a pronounced shoulder at
660 nm. In contrast to room-temperature behavior, the 77 K NPQ
in the 680 nm band does not exceed 25% of emission before blue
light irradiation. Room- and low-temperature NPQ spectra are al-
most identical to the emission spectrum of the PSI/PSII-less strain
cells before blue light treatment (Figs. 1A and 2A). Differences only
appear in the short wavelength region attributed to PC ﬂuores-
cence, which supports the suggestion [15,10] about PC being an
unlikely site of quenching. However, just steady-state spectros-
copy gives little insight into which of APC’s distinct types –
APC660 or APC680 (indexes show ﬂuorescence peaks) – is the pri-
mary site of energy dissipation. These forms’ 653 nm absorption
and 680 nm ﬂuorescence bands lie within a 30 nm region and over-
lap even at 77 K, which means that not only a forward energy
transfer APC660? APC680, but also a reverse APC680? APC660 pro-
cess are possible. This results in a higher peak of APC660 ﬂuores-
cence at room temperature in the PSI/PSII-less cells spectrum
(Fig. 2A), as APC660 trimers constitute the greater part (2/3) of
the PBS core. If we assume for a moment that there is no reverse
(uphill) energy transfer, then, having a lifetime of APC in the ex-
cited state of a nanosecond order [22] – which is much longer than
the energy transfer rates between the APC forms – we will not be
able to register ﬂuorescence at 660 nm. Presence of two bands in
the NPQ spectra (reﬂecting a fast energy transfer processes within
the core) does not rule out the possibility of OCP interacting with
both of these APC forms. Moreover, the structural analogues of
the C terminal of the OCP molecule – core linker protein Lc 8
[14] – is connected with both types of APC trimers on the face side
of the PBS core, APC emitting at 660 nm and APC-B emitting at
680 nm [23]. It should be noted, however, that several APC’s con-
tribute to both of the 660 and 680 nm ﬂuorescence bands. In the
case when several contributing components have similar spectral
and temporal features (e.g., APC680), even lifetime analysis does
not provide their deﬁnitive identiﬁcation and therefore cannot
help locate the quenching site. This calls for application of kinetic
models analysis.
3.4. The time course of blue-light induced ﬂuorescence quenching in
the PSI/PSII-less strain
Fig. 4 shows time courses of PAM measured ﬂuorescence in a
cell suspension under the quenching treatment by intense blue-
green light. Measurements of wild-type cells were carried out in
the presence of 5  106 M DCMU to achieve the maximum initial
ﬂuorescence. Fluorescence quenching of the double mutant starts
at the higher initial level and reaches up to 85% of that, while
quenching of the wild type strain does not exceed 40% (Fig. 4A).
Nevertheless, the time courses of quenching for both species are
identical (Fig. 4B). In both cases ﬂuorescence intensity reaches its
lowest level in 3 min of blue-green light illumination; the dark
recovery is very slow, with a time constant of ca 40 min.
Like other members of the blue photoactive proteins family,
OCP may also have a multistep cycle that involves dark transfor-
mations of this protein. We suggested such a cycle after an obser-
vation that blue-green light induced ﬂuorescence quenching in
wild type strain of Synechocystis continues even after switching
off the intense blue-green light [24]. Therefore, we expected a
more pronounced effect in the Synechocystis PSI/PSII-less mutant.
Fig. 5 shows a long-lasting ﬂuorescence decay in PSI/PSII-less cells
after termination of strong blue-green actinic light. In the absence
of the photosystems, this clearly indicates existence of a dark
phase in the quenching processes, triggered by excitation of the
BA
Fig. 4. Time courses of PBS ﬂuorescence quenching in PSI/PSII-less (black line) and
in wild-type (grey line) cells with equal APC content (A), and the same kinetics
normalized for the quenching (Fm–Fq) value (B). The 500 nm actinic light switched
on at point indicated by arrow. The photon ﬂux of the actinic light was
1000 lE m2 s1.
Fig. 5. A time course of PBS ﬂuorescence quenching in PSI/PSII-less cells induced
with a strong one-second ﬂash of 503 nm actinic light, indicated by arrows. The
photon ﬂux of actinic light was 14 000 lE m2 s1.
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sion lies in the range of k  0.6 s1, which leads us to the sugges-
tion that this process could be connected with transformational
changes of OCP and/or protein–protein interactions of OCP with
the APC core. The relatively long time of the dark decay coincides
with the existence time of the pB signaling state of PYP [25], and
may correspond to the lifetime of OCP’s activated form that is con-
sumed in formation of the APC quenching state.
4. Conclusion
Blue-green light is an environmental signal which activates a
functionally diverse range of bacterial proteins, such as the Photo-
active Yellow Protein (PYP) and proteins containing LOV or BLUF
domains. According to the latest data, OCP is a new member of
the blue light-active protein family [12,26]. The present working
hypothesis suggests that photoactivation results in a multistep cir-
cle of OCP states’ transitions [21]. A study of the simplest available
system showing the complete cycle, the PSI/PSII lacking mutant,
has let us clearly determine kinetic and spectral parameters of this
cycle. We provide direct evidence that transformation of OCP from
the dark into the quenching form has at least two stages – a pho-
toinduced and a light independent one.Acknowledgements
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